Abstract: Automated driving on public roads is affected by many foreseeable and unforeseeable driving situations. Depending on the driving task, the environmental and road conditions, and the behavior of other drivers, different actions have to be taken. This paper provides a highlevel overview of the development of highly automated driving systems and illustrates challenging situations and use cases. We outlined the impact of these use cases on system design, key technologies, and their technical realization for a highly automated driving system. Furthermore, the paper demonstrates how certain aspects of the system design as well as their implementation are country specific and how continuous testing is required for robust implementation of the functionalities.
Introduction
Assisted driving functions have been on the market for over 15 years and support the driver by taking over either the longitudinal or the lateral driving task in specific situations [1] . Examples are Adaptive Cruise Control, where typically a radar sensor detects distance and relative velocity to the preceding car and other objects and the vehicle's velocity is adjusted accordingly so that a set time gap is main-tained, or Lane Keeping Support, where typically a camera detects the lane markings on the road and the vehicle is kept within the lane. While these functions support the driver within defined situations, handover of control back to the driver is required when the functional boundaries of the respective system are reached or a critical fault is detected. It is, therefore, the driver's responsibility to remain available at all times and provide fallback and recovery by means of human intervention.
Automated driving is introduced with the first driving functions that carry out both longitudinal and lateral control tasks simultaneously and enable the driver not to participate in the active driving task for a limited amount of time. The driver remains responsible for permanently supervising partially automated functions, whereas no permanent supervision will be required for highly and fully automated functions. Figure 1 depicts sample use cases of partially, highly, and fully automated driving, respectively. We expect wide scale introduction of automated driving in well-defined situations and restricted environments first; for example, a freeway provides an environment with unidirectional traffic flow, whereas urban traffic scenarios include cross traffic situations, pedestrians, and bicyclists. Consequently, the requirements on perception, situation recognition, and decision making are considerably higher in a more complex environment. Figure 2 shows our expectation of the evolution of automated driving. We refer to [2, 3] for a detailed taxonomy of automated driving functions.
Our goal [4] is an intelligent forward thinking vehiclemaking the vision of injury and accident free driving reality. Future automated driving will synchronize traffic flow to reduce travel times and fuel consumption. It will diminish the load on the driver by taking over dedicated driving tasks, in line with each individual's needs, allowing persons of all age ranges to be mobile and safe. Automated driving allows the vehicle to become part of the driver's interconnected home and work life, making time on the road more productive and eventful. Bosch is set to develop holistic mobility concepts and services, paving the way for more environmentally friendly, personalized travel.
Automated driving on public roads
Bosch has been carrying out research programs in the field of automated driving since the 1990s and has participated in the 2007 DARPA Urban Challenge with Stanford University's team. We are developing technologies specifically for highly automated vehicles since 2011 and are actively testing these functions on public roads in Germany ( Figure 3 ) and the USA (Figure 4 ). The vehicles, functions, and sensors are evaluated and improved using everyday driving situations [5] . In order to ensure safety during the development process, the system is supervised by a trained test driver who is always able to take over control of the vehicle. The safety concept for the test vehicles was reviewed and confirmed by the German certification organization TÜV Süd. Automated driving on public roads is affected by many common but also by unforeseeable driving situations, which are influenced by the current driving task, our navi- gation goal, environmental and road conditions, and the behavior of other drivers. Testing our system on public roads allows us to gather insight on the typical driving situations an automated vehicle will encounter. This helps us design a system that fulfills all requirements to safely handle both common and uncommon driving tasks. Testing both in Germany and the United States further helps us develop a system which is capable of handling different sets of traffic rules, driver behavior, and infrastructure. 
Typical use cases

Challenging use cases
In addition to these typical driving tasks, there are several situations that are either very uncommon or particularly challenging for one or more components of an automated driving system. The system has to be able to fulfill its driving tasks even when a single or a combination of these situations occur: -Approaching vehicles with uncommon appearance (e. The German Autobahn does not have a general speed limit [6] , so vehicle speeds range from 80-100 km/h for trucks up to 250 km/h for passenger cars. Thus, during our tests in Germany, the high relative vehicle speeds have turned out to make lane changes significantly more challenging than in the US, where traffic flows more homogeneously.
Another use case that has proven to be particularly challenging is merging in dense traffic (Figure 5d ), which requires the automated vehicle to actively adapt its speed to the destination lane and find a suitable gap to merge into. Sometimes it is helpful to trust in the cooperative behavior of other drivers. Our tests have shown that oftentimes it is sufficient to simply turn on the turn signal and wait until the other drivers will open up a gap next to us. However, it also occurred that the neighboring vehicle stayed next to us for several kilometers, which would eventually lead to missing the desired exit.
Technical realization
The use cases in the previous section enable us to define requirements for individual components of an automated driving system.
While an automated driving function does not necessarily have to cover all situations, it is desirable to cover as many as possible in order to obtain higher availability of the function and less frequent takeover requests to the driver. Furthermore, in case of the occurrence of any unforeseen situation, the function must be able to handle the situation until the driver has taken back control.
Similarly, in case of hardware failures the system needs to stay operational, at least with reduced functionality, until the driver has taken back control. This imposes additional requirements on the sensor set, ECUs, communication network, power supply, and actuators. For a detailed overview on functional safety requirements and our functional safety concept, we refer to [7, 8] . Figure 6 gives an overview of key technologies for automated driving. The use cases to be covered by a respective function typically have an impact on all components shown. As an example, snowfall can lead to limited sight of the sensors, will affect a surround-sensor based localization system due to different appearance of the sur- roundings, may require decision making to drive more slowly, and causes a low friction road surface which requires appropriate motion control capabilities.
Technical solutions for automated driving have been developed during the 2007 DARPA Urban Challenge [9] and have been improved since [10] [11] [12] [13] . These systems need to be further extended to be capable of handling all situations that occur in real traffic. In the following sections, the impact of handling the aforementioned use cases will be detailed for some of the key components of an automated driving system.
Surround sensors
A surround sensor set for automated highway driving has to be capable of reliably detecting all relevant obstacles in any situation the vehicle may encounter. In addition to physical redundancy to handle, e. g., hardware failures, this requires a diverse sensor set with different sensing technologies. Even under adverse circumstances, as shown in Figure 5 , collision relevant obstacles have to be detected by at least one sensor.
Sensors have to fulfill different requirements in different areas around the vehicle. Figure 8 shows the partitioning of the field of view into a front, rear, and side sensor set.
The detection range and reliability in each area are defined by the respective most challenging use case. For the front sensor set, this is a comfortable stop behind a standing vehicle, given that there is no oncoming traffic on highways. This could be, for example, the rear end of a traffic jam. The object detection reliability is dependent on the distance from the vehicle. Late detection of a vehicle at high distances will lead to a harder and potentially uncomfortable braking maneuver. However, any potentially harmful object has to be detected early enough so that an emergency maneuver can be triggered. This means, we need to determine an area where the absence of potentially harmful obstacles is guaranteed and we need to be able to perform an emergency maneuver within this area. An elegant representation of this area as "free space" is illustrated in Figure 7 .
For the rear sensors, the most challenging case is a fast approaching vehicle from behind with high approaching has to be large enough to ensure that the neighboring lane is free. It has to cover at least the two neighboring lanes.
Perception
The main goal of the perception system is to combine all sensor measurements into a consistent representation of the surrounding world. Many fusion algorithms have been proposed to this end. They can be categorized into objectlevel fusion, where each individual sensor delivers object hypotheses which are combined in a subsequent fusion step, e. g. [14] , and feature-level fusion, where lower-level sensor data is directly used to update a world model, e. g., a grid or particle representation [15, 16] . In general, the output of any fusion system is an obstacle representation, for example, an occupancy grid or an object list or a combination of both [12] . In addition to a representation of all known obstacles, many use cases need a notion of unknown, i. e., whether an area is actually free of obstacles or whether the sensors did not detect anything, e. g., due to fog or obstructions. Instead of explicitly modeling the "knownness", our perception system computes and outputs a "free space" that is known to be free of obstacles. An area that is neither part of the free space nor part of an obstacle is considered unknown.
The perception system uses measurements from the road surface and other clues, such as positions of detected DE GRUYTER OLDENBOURG obstacles, to determine the free space. An example for such a free space representation is given in Figure 9 .
Localization
Localization is the process of estimating the vehicle position and orientation with respect to a given map. We distinguish three levels of localization precision: The different levels are used at different steps during the decision making process. Localization on road level is required for function activation, e. g., if the function is limited to a certain set of roads, e. g., highways, and in order to determine the route from the current position to the desired destination. Lane level localization is mainly required for lane change use cases, e. g., whether a lane change is possible or whether we have to change lanes in order to reach our navigation goal. Sub-lane level localization is required for maintaining the proper position within the lane.
Unavailability of any of these localization levels may lead to degradation of the functional performance or even to a driver takeover request. E. g., if the activation relies on road level localization, it has to be available to offer the function to the driver. If lane localization is unavailable, lane changes may not be possible during this time.
Special situations, such as driving in a tunnel or under a bridge, may lead to a temporary unavailability of any of the aforementioned levels, even when using state-of-theart satellite-based localization systems. To recover in these situations, we use surround sensor information in addition to Global Navigation Satellite System (GNSS) based information for localization. Such surround sensor based localization systems have been proposed for several sensor technologies (e. g., camera [11, 17] or Lidar based [18] ). Similarly to the perception system, combining multiple sensing technologies increases the overall availability of the localization system. In order to guarantee a high availability, we are using a combination of all available sensing technologies for localization.
Decision making
It is essential to adapt the behavior of an automated vehicle to the current driving situation, especially in challenging situations. This includes determining a safe maximum vehicle speed and safety distances for the current situation, for example, based on the current sensor viewing ranges, road surface condition or the speed of other vehicles. Using the free space representation from the previous section, the maximum vehicle speed could be selected so that we can perform an emergency maneuver within the current free space.
Before executing any given maneuver, decision making also has to determine whether this maneuver can be performed safely in the respective situation. For example, lane changes will not be performed when fast vehicles are approaching from behind or if the vehicle is driving in a narrow curve where the field of view is limited.
Decision making is also responsible for following traffic rules. Essentially, the entire subset of local traffic rules [6, 19] that applies to highway driving, needs to be implemented in the planning system. These differ significantly from country to country, which is illustrated by some of the rules that are implemented in our planning system for lane changes in Germany and the US, respectively: There are several additional rules related to lane changes that are not listed, for example, based on the distances and speeds of vehicles in the target lane. Our implementation makes use of a hierarchical state machine, which is a common approach for automated driving systems [12, 20, 21] . Different driving behaviors, such as lane following or lane changing, are modeled as states. Maneuver decisions, including the aforementioned traffic rules, safety considerations, and interactions with other vehicles are modeled as state transitions.
Conclusion
In this paper we provided a high-level overview of our development of highly automated driving systems. We illustrated challenging situations and use cases and outlined their impact on system design, key technologies, and their technical realization. The paper also shows by example how certain aspects of the system design as well as the implementation are country and use case specific.
We are convinced that Automated Driving is becoming a reality, offering benefits for safe, relaxed, and economical driving and we expect a stepwise introduction of automated driving starting with increased levels of automation on the highway. The first highly automated driving function will be a Traffic Jam Pilot.
The trend towards Automated Driving is generating new technical challenges for the sensors, algorithms, actuators as well as for the E/E-architecture of future vehicles. Bosch is developing automated highway driving functions in dedicated project teams in Abstatt, Germany, and Palo Alto, USA. These teams are continuously testing automated vehicles on the German Autobahn as well as on highways in the US. Upcoming developments will include increased robustness of the developed functions as well as a focus on the integration of series production sensor systems.
